Nakamura, Tomohiko, Mingyao Liu, Eric Mourgeon, Art Slutsky, and Martin Post. Mechanical strain and dexamethasone selectively increase SP-C and tropoelastin gene expression. Am J Physiol Lung Cell Mol Physiol 278: L974-L980, 2000.-Physical forces derived from fetal breathing movements and hormones such as glucocorticoids are implicated in regulating fetal lung development. To elucidate whether the different signaling pathways activated by physical and hormonal factors are integrated and coordinated at the cellular and transcriptional levels, organotypic cultures of mixed fetal rat lung cells were subjected to static culture or mechanical strain in the presence and absence of dexamethasone. Tropoelastin and collagen type I were used as marker genes for fibroblasts, whereas surfactant protein (SP) A and SP-C were used as marker genes for distal epithelial cells. Mechanical strain, but not dexamethasone, significantly increased SP-C mRNA expression. Tropoelastin mRNA expression was upregulated by both mechanical strain and dexamethasone. No additive or synergistic effect was observed when cells were subjected to mechanical stretch in the presence of dexamethasone. Neither mechanical strain nor dexamethasone alone or in combination had any significant effect on the expression of SP-A mRNA. Dexamethasone decreased collagen type I mRNA expression, whereas mechanical strain had no effect. The increases in tropoelastin and SP-C mRNA levels induced by mechanical strain and/or dexamethasone were accompanied by increases in their heterogeneous nuclear RNA. In addition, the stretch-and glucocorticoid-induced alterations in tropoelastin and SP-C mRNA expression were abrogated with 10 µg/ml actinomycin D. These findings suggest that tropoelastin and SP-C genes are selectively stimulated by physical and/or hormonal factors at the transcriptional level in fetal lung fibroblasts and distal epithelial cells, respectively. glucocorticoids; gene transcription; fetal lung cells FETAL LUNG DEVELOPMENT requires coordinated lung growth and maturation. This is a highly regulated process controlled by many factors including hormones and physical forces. The latter force derived from normal fetal breathing movements supports fetal lung growth, whereas an altered breathing pattern, e.g., reduced amplitude, may result in pulmonary hypoplasia (4). One of the most important markers of pulmonary maturation is the ability to produce surfactant, a complex of lipids and protein that lines the alveolar surface of the lung. Recent studies have shown that physical forces affect pulmonary surfactant metabolism. A static stretch of adult type II cells stimulated the release of surfactant phospholipids (31), whereas a cyclic stretch of fetal type II cells increased the synthesis of surfactant phospholipids (22). The effect of mechanical strain on surfactant protein (SP) production by fetal lung cells is as yet unknown. Antenatal glucocorticoid administration, however, has been shown to increase SP expression by fetal type II cells (16, 18) . The importance of endogenous glucocorticoids for lung maturation is demonstrated by the delayed pulmonary development of mice with targeted mutation of the glucocorticoid receptor (2) or corticotropin-releasing hormone (CRH) (10, 11) genes. The lungs of CRHdeficient mice exhibit retarded lung maturation as indicated by delayed SP-A, SP-B, and fatty acid synthetase expression as well as by increased cellular proliferation (12). Additional features of morphological maturation of the fetal lung include increased air space formation, vascularization, and thinning of alveolar septa, leading to a mature blood-gas interface. Lung elastogenesis is intimately associated with these morphological processes. Moreover, tropoelastin expression in the fetal lung coincides with the initiation of fetal breathing and the rise of circulating glucocorticoids (15, 17) . Both glucocorticoids (14, 36) and mechanical strain (24) have been shown to stimulate tropoelastin production in cultured mesenchyme-derived cells. Several other extracellular matrix molecule genes, including collagen type I, have been shown to be influenced by mechanical stress (33, 35) and glucocorticoids (1). Thus it is evident that physical forces and glucocorticoids influence the expression of a number of maturational genes in the fetal lung; however, the interaction between physical forces and hormonal factors in controlling fetal lung development is unknown. The objective of this study was to elucidate whether the signaling pathways induced by physical and hormonal factors during development are integrated and coordinated at the cellular and transcriptional levels.
reduced amplitude, may result in pulmonary hypoplasia (4) . One of the most important markers of pulmonary maturation is the ability to produce surfactant, a complex of lipids and protein that lines the alveolar surface of the lung. Recent studies have shown that physical forces affect pulmonary surfactant metabolism. A static stretch of adult type II cells stimulated the release of surfactant phospholipids (31) , whereas a cyclic stretch of fetal type II cells increased the synthesis of surfactant phospholipids (22) . The effect of mechanical strain on surfactant protein (SP) production by fetal lung cells is as yet unknown. Antenatal glucocorticoid administration, however, has been shown to increase SP expression by fetal type II cells (16, 18) . The importance of endogenous glucocorticoids for lung maturation is demonstrated by the delayed pulmonary development of mice with targeted mutation of the glucocorticoid receptor (2) or corticotropin-releasing hormone (CRH) (10, 11) genes. The lungs of CRHdeficient mice exhibit retarded lung maturation as indicated by delayed SP-A, SP-B, and fatty acid synthetase expression as well as by increased cellular proliferation (12) . Additional features of morphological maturation of the fetal lung include increased air space formation, vascularization, and thinning of alveolar septa, leading to a mature blood-gas interface. Lung elastogenesis is intimately associated with these morphological processes. Moreover, tropoelastin expression in the fetal lung coincides with the initiation of fetal breathing and the rise of circulating glucocorticoids (15, 17) . Both glucocorticoids (14, 36) and mechanical strain (24) have been shown to stimulate tropoelastin production in cultured mesenchyme-derived cells. Several other extracellular matrix molecule genes, including collagen type I, have been shown to be influenced by mechanical stress (33, 35) and glucocorticoids (1) . Thus it is evident that physical forces and glucocorticoids influence the expression of a number of maturational genes in the fetal lung; however, the interaction between physical forces and hormonal factors in controlling fetal lung development is unknown. The objective of this study was to elucidate whether the signaling pathways induced by physical and hormonal factors during development are integrated and coordinated at the cellular and transcriptional levels.
MATERIALS AND METHODS
Preparation of organotypic cultures. The organotypic culture of mixed fetal lung cells has been previously described (6) . Briefly, the rats were killed by an excess of diethyl ether during the canalicular stage of fetal lung development at 19 days of gestation (term ϭ 22 days). The fetuses were aseptically removed, and the fetal lungs were dissected out in cold Hanks' balanced salt solution without calcium or magnesium (HBSSϪ) and cleared of major airways and vessels. The lungs were washed twice in HBSSϪ, minced, and suspended in HBSSϪ. The lung tissue was digested for 20 min in an enzymatic solution of 0.125% (wt /vol) trypsin and 0.4 mg/ml DNase. After filtration through 100-µm mesh nylon blotting cloth, Eagle's minimum essential medium (MEM) with 10% (vol/vol) fetal bovine serum (FBS) was added to the single-cell suspension to neutralize trypsin activity, and the mixture was centrifugated at 300 g for 10 min. The pellet was resuspended in MEM plus 10% FBS and inoculated onto 2 ϫ 2 ϫ 0.25-cm Gelfoam sponges at a density of 1.6 ϫ 10 6 cells/sponge. After inoculation, the cells were incubated for 1 h before the addition of 3 ml of MEM plus 10% (vol/vol) FBS to the culture dish. After a 24-h incubation, the sponges were washed three times with serum-free MEM and then incubated in serum-free MEM for 24 h before treatment.
Exposure of mixed fetal rat lung cells to stretch and dexamethasone. The mechanical stretch device used in these studies has been described in detail elsewhere (6) . It consists of a programmable burst timer, a control unit, a dualregulated DC power supply, and a set of solenoids. A culture dish with a Gelfoam sponge was placed in front of each solenoid. One end of each sponge was glued to the bottom of the dish. The other end was attached to a movable metal bar, which was wrapped and sealed in plastic tubing. The strain of cells cultured on sponges was driven by the magnetic force generated through the solenoids. The sponges were subjected to a 5% elongation from their original length at 60 cycles/min for 15 min/h, which optimally enhanced DNA synthesis and cell division without cell injury (6) . The cells were incubated in MEM with and without dexamethasone (10 Ϫ7 M) and subjected to static culture or intermittent strain for 24 h.
Northern analysis. Total cellular RNA was isolated from organotypic cultures by lysing the cells in 4 M guanidinium thiocyanate followed by centrifugation on a 5.7 M cesium chloride cushion to pellet RNA. Total RNA (15 µg) was size-fractionated on 1% (wt /vol) agarose gel containing 3% (wt /vol) formaldehyde, transferred to Hybond-Nϩ membranes, and immobilized by ultraviolet (UV) cross-linking. Tropoelastin and collagen type I cDNAs were labeled with [␣-32 P]dCTP with the random-primer method. Prehybridization and hybridization were performed in 50% (vol/vol) formamide, 5ϫ sodium chloride-sodium phosphate-EDTA, 0.5% (wt /vol) SDS, 5ϫ Denhardt's solution, and 100 µg/ml denatured herring sperm DNA at 42°C. After hybridization, the blots were washed with 2ϫ saline-sodium citrate (SSC) containing 0.2% (wt /vol) SDS at 42°C for 10 min, followed by 1ϫ SSC with 0.2% (wt /vol) SDS at 42°C for 10 min. The blots were exposed to Kodak XAR-5 film at Ϫ80°C. The blots were then stripped and rehybridized with radiolabeled rat ␤-actin cDNA for normalization.
RT-PCR and Southern blotting. Steady-state mRNA levels of SP-A and SP-C and heterogeneous nuclear RNA (hnRNA) levels of tropoelastin and SP-C were amplified by RT-PCR. Specifically, total lung RNA was treated with RNase-free DNase to remove contaminating DNA. Total RNA (3 µg) in 5 µl of sterile water with 2.5 µM random hexanucleotide primer (pdN 6 ) was heated to 70°C for 10 min, quick-chilled on ice, and then added to the reverse transcription reaction in microcentrifuge tubes. Each reaction contained 4 µl of 5ϫ PCR buffer (100 mM Tris · HCl, pH 8.3, and 500 mM KCl), 0.2 µM 1,4-dithiothreitol, and 7.5 mM deoxynucleotide triphosphates (dNTPs). After incubation at 37°C for 2 min, 200 U of Superscript RT were added to a total volume of 20 µl. The samples were incubated at 37°C for 60 min and heated to 70°C for 15 min, followed by cooling at 5°C for 5 min. The cDNAs (5 µl) from the reverse transcription reaction were then incubated with 5 µl of 10ϫ PCR buffer, 2.5 mM MgCl 2 , 10 mM dNTPs, 0.2 µM each primer, and 2.5 U of Taq polymerase in a total volume of 50 µl at 95°C for 3 min. The samples were amplified for 15 (mRNA) and 25 (hnRNA) cycles, each consisting of 53°C annealing for 30 s, 72°C extension for 30 s, and denaturation for 30 s at 95°C. Duration of the final elongation reaction was increased to 7 min at 72°C. For Southern blotting, amplified DNA (25 µl of total PCR) was transferred to Hybond-Nϩ membranes and immobilized by UV crosslinking. SP-A, SP-C, and ␤-actin probes for detection of amplified mRNA were labeled by random priming with [␥-32 P]dCTP. Tropoelastin and SP-C oligomer probes for detection of amplified hnRNA were labeled with [␣-32 P]ATP with T4 polynucleotide kinase. After Southern hybridization, the blots were exposed to Kodak XAR-5 film for 6-12 h at Ϫ80°C. Autoradiographic signal was quantified by densitometry and normalized to the relative amount of ␤-actin mRNA. No signals were detected after RNase treatment of samples as well as after PCR without the initial addition of RT. The oligonucleotide primer sequences are listed in Table 1 , and PCR strategy is presented in Fig. 1 .
Statistical analysis. Statistical significance was determined by one-way ANOVA followed by assessment of differences with the Student-Newman-Keuls test for nonpaired groups. Significance was defined as P Ͻ 0.05. 
RESULTS

Mechanical strain selectively stimulated SP-C but not SP-A mRNA expression.
To examine the effects of physical and hormonal factors on fetal lung epithelial cell maturation, organotypic cultures of mixed fetal lung cells incubated with and without 10 Ϫ7 M dexamethasone were subjected to either intermittent strain (60 cycles/min, 15 min/h, 5% elongation) or static culture for 24 h. Equal amounts of total RNA (3 µg) were analyzed by low-cycle RT-PCR followed by Southern hybridization with epithelium-specific SP-A and SP-C probes (5, 30, 32) . Mechanical strain, but not dexamethasone treatment, significantly increased the steady-state mRNA level of SP-C (Fig. 2) . When the cells were subjected to both mechanical strain and dexamethasone treatment, SP-C transcript levels were not increased further (Fig. 2) . In contrast, neither mechanical strain nor dexamethasone affected steadystate mRNA levels of SP-A in organotypic cultures of fetal rat lung cells (Fig. 2) .
Mechanical strain and dexamethasone stimulated tropoelastin but not collagen type I mRNA expression. The effects of physical and hormonal factors on gene expression in fetal lung mesenchymal cells were determined with the use of tropoelastin and collagen type I as marker genes (19, 35, 36) . Mechanical strain did not affect mRNA expression of collagen type I (Fig. 3) , whereas dexamethasone treatment showed a tendency to decrease the number of collagen type I transcripts. In contrast, mechanical strain and dexamethasone treatment alone significantly increased mRNA levels of tropoelastin. However, when both mechanical strain and dexamethasone were applied to fetal lung cells, no additive or synergistic effect on either collagen type I or tropoelastin mRNA expression was observed (Fig. 3) .
Mechanical strain and dexamethasone increased SP-C and tropoelastin gene expression at the transcriptional level. To determine whether the increased mRNA levels of SP-C and tropoelastin required new gene transcription, cells incubated with and without dexamethasone were subjected to either mechanical strain or static culture in the presence of 10 µg/ml actinomycin D, an inhibitor of gene transcription. Actinomycin D abrogated mechanical strain-induced SP-C and tropoelastin mRNA expression as well as the dexamethasoneinduced increase in tropoelastin mRNA (Fig. 4) . Thus it appears that the upregulation in SP-C and tropoelastin mRNA expression by mechanical strain and/or dexamethasone is controlled primarily at the level of tran- Fig. 1 . Schematic presentation of location of primers and probes used for RT-PCR and Southern blotting. SP, surfactant protein; TE, tropoelastin; hnRNA, heterogeneous nuclear RNA. scription. To confirm that mechanical strain and/or dexamethasone treatment triggers transcriptional activation of the SP-C and tropoelastin genes, hnRNAs of SP-C and tropoelastin were analyzed by RT-PCR followed by Southern hybridization (25) . In principle, hnRNA (or preprocessed mRNA) is a complete copy of a DNA template, which contains both introns and exons. After being spliced, intron sequences are removed and exons are linked to mRNA. Because splicing is a rapid process, measurement of hnRNA should estimate ongoing transcription. To measure hnRNA levels, PCR primers were designed to include intron sequences of the gene of interest, and the PCR products (SP-C, 643 bp; tropoelastin, 478 bp) were detected by Southern hybridization with oligoprobes containing SP-C-or tropoelastin-specific sequences (Fig. 1) . Mechanical strain significantly increased the level of SP-C hnRNA, whereas dexamethasone alone had no effect (Fig. 5) . The combination of mechanical strain and dexamethasone also increased the amount of SP-C hnRNA (Fig. 5) . Stretch and dexamethasone alone as well as the combined treatment significantly increased hnRNA expression of tropoelastin (Fig. 6) . These results corroborate that the upregulation of SP-C gene expression by mechanical strain and tropoelastin gene expression by mechanical strain and/or dexamethasone are mainly due to an increase in the rate of transcription.
DISCUSSION
A variety of growth factors, hormones, and cytokines as well as physical factors act as positive or negative regulators of lung growth and development (27) . Because fetal breathing movements and endogenous hormones are concurrently present during lung development, it is difficult to distinguish their relative contribution to the maturational process. To elucidate the interactions between physical and hormonal factors on fetal lung cell maturation at the cellular and molecular levels, we exposed mixed fetal rat lung cells in organotypic cultures to mechanical strain and dexamethasone alone or as a combination. Marker gene analysis of this complex cellular model allowed us to study the influence of mechanical strain and/or glucocorticoids on the maturation of lung epithelial cells and fibroblasts separately. We found that mechanical stress and dexamethasone selectively stimulated gene expression in both epithelial and mesenchymal cells. However, both stimulants appear not to form an integrative signaling network during lung development.
Selective stimulation of SP-C gene expression by mechanical strain. On the basis of previous in vivo (12, 21, 26 ) and in vitro (13, 28) studies in fetal rats, we anticipated that glucocorticoids would increase SP-A and SP-C mRNA expression. Our findings are not consistent with these earlier observations. A possible explanation may be the longer duration of exposure (Ͼ48 vs. 24 h) of the rat lung to glucocorticoids in the previous studies (13, 21, 26, 28) . Although physical forces have been shown to affect pulmonary surfactant lipid metabolism of fetal lung cells (22) , to our knowledge, this is the first demonstration that mechanical strain influences SP-C gene expression by fetal lung epithelial cells. The observation that SP-C and not SP-A mRNA expression is regulated by an intermittent mechanical strain in vitro suggests that fetal breathing movements may specifically contribute to SP-C gene expression during development. Indeed, the appearance of SP-C mRNA in the fetal rat lung coincides with the initiation of fetal breathing movements at 16-17 days of gestation, whereas SP-A transcripts are first detectable at 18-19 days of gestation (20) . Whether mechanical strain directly affects SP-C expression in fetal epithelial cells remains to be elucidated. We used an organotypic cell culture system in which mesenchymal-epithelial cell interactions are preserved to mimic the cellular environment in vivo. Because the developmental response to mechanical strain is determined by the mesenchyme (34) and SP-C gene expression is controlled by mesenchymal-epithelial interactions (3, 23) , it is possible that a mesenchyme-regulatory mechanism is involved in the mechanical strain-induced SP-C gene expression.
Selective stimulation of tropoelastin gene expression by mechanical strain and dexamethasone. The physiological importance of elastic fibers lies in the unique elastometric properties of elastin, which is the functional component of the mature fiber. During fetal development, the lung is characterized by the increase in collagenous and elastic matrices and by the dynamic changes in the number and spatial relationship of collagen-and elastin-producing cells. In this study, we demonstrated that mechanical force and glucocorticoids are important regulators of gene expression of tropoelastin, the soluble precursor of elastin. The induction of tropoelastin production coincides with the initiation of fetal breathing movements (8, 17) . Yee et al. (36) have previously reported that glucocorticoid-induced tropoelastin gene expression in fetal lung fibroblasts is mediated via transforming growth factor (TGF)-␤3. Because mechanical strain has been found to stimulate TGF-␤ gene expression in various cells (7, 37) , it is plausible that strain-induced tropoelastin gene expression in fetal lung cells is mediated via TGF-␤3. No significant additive or synergistic effect in tropoelastin gene expression was noted when cells were subjected to mechanical strain in the presence of dexamethasone. This suggests that the signaling pathways activated by physiological levels of mechanical strain and glucocorticoids in fetal lung fibroblasts are probably not integrated or coordinated at the transcriptional level. Alternatively, it is possible that this level of mechanical strain and dexamethasone resulted in a maximal effect and that suboptimal levels would have shown additive or synergistic effects.
Transcriptional regulation of SP-C and tropoelastin by mechanical strain and dexamethasone. To assess the molecular mechanism by which physical force and glucocorticoids control tropoelastin and SP-C mRNA expression, we first inhibited transcription with actinomysin D. Because this treatment blocked mechanical strain-induced SP-C mRNA expression as well as mechanical strain-and/or dexamethasone-induced tropoelastin mRNA expression, we examined transcriptional regulation by determining the tropoelastin or SP-C hnRNA levels. Although this strategy does not directly measure the transcriptional activity, hnRNA levels reflect the rate of active, ongoing transcription (25) . Compared with the commonly used nuclear runoff assays, the hnRNA approach is more sensitive and requires less material. A great advantage is that it can be combined with regular RT-PCR to measure both mRNA and hnRNA from the same RT products. In the present study, we found that hnRNA levels of both SP-C and tropoelastin were increased by mechanical strain, whereas dexamethasone also increased the amount of tropoelastin hnRNA. The magnitude of changes in mRNA and hnRNA levels induced by either mechanical strain or dexamethasone were in the same range, suggesting that the elevation in mRNAs was mainly due to an increase in transcription of the SP-C and tropoelastin genes. In contrast to tropoelastin expression, Xu et al. (35) have recently found that mechanical strain regulates the expression of various extracellular matrix molecules in fetal lung cells by a posttranscriptional mechanism. Mechanical strain increased soluble fibronectin content by increasing protein synthesis and secretion of fibronectin while decreasing fibronectin message levels (9) . A similar effect of mechanical stress was observed for collagen type I expression (35) . Mechanical strain of fetal lung cells has also been shown to increase the secretion of proteoglycans and glycosaminonglycans without affecting core protein expression (33, 35) . Thus it appears that the effects of mechanical forces on extracellular matrix remodeling during fetal lung development are regulated at various levels depending on the extracellular matrix molecule.
